Morphological aspects of the lead dioxide electrode by Paul R. Whyatt (7167593)
 
 
 
 
This item was submitted to Loughborough University as a Masters thesis by 
the author and is made available in the Institutional Repository 
(https://dspace.lboro.ac.uk/) under the following Creative Commons Licence 
conditions. 
 
 
 
 
 
For the full text of this licence, please go to: 
http://creativecommons.org/licenses/by-nc-nd/2.5/ 
 
LOUGHBOROUGH 
UNIVERSITY OF TECHNOLOGY 
LIBRARY 
AUTHOR/FILING TITLE 
-_________ _ ~'t !t_"IT7' __ £& ___________________ _ 
ACCESSION/COPY NO. 
\ 'n ... o +~ lo 2.. I 
---- ------/~- - ----------- - - -- - --
VOL. NO. CLASS MARK 
'I 1111~llmlillll[~IIIIIIIIIIIIIIIIIIII~lml 
.. 
Morphological Aspects of the Lead Dioxide Electrode 
by 
Paul Russell Whyatt . 
A Masters Thesis 
submitted in partial fulfilment of the requirements 
for the award of 
the degree of Master of Philosophy 
of the 
Loughborough University of Technology 
February 1981 
, 
; , .. , , 
, 
'-. Supervisor 
I 
" 
Prof. N. A. Hampson 
Department of Chemistry 
(cl by Paul Russell Whyatt 1981 
- . 
L.wghborough Unlver.ltJ 
.1 T vcr"'''!''lY. Lilor..., 
•• s... 'It 7 
CIlSs 
Ace . 'f?J'L-o~;/07--. , •.
( 
This is to certify that I am responsible for the 
work submitted in this thesis, that the original 
work is my own except as specified in acknowledge-
ments or in footnotes, and that neither the thesis 
nor the original work contained therein has been 
submitted to this or any other institution for a 
higher degree. 
Summary 
The technique of scanning electron microscopy has 
been used to observe morphological changes occurring 
in the redox processes involved in the interconversion 
of lead dioxide and lead sulphate. Observations have 
been made on lead dioxide films on platinum and pure 
lead substrates and on one and two dimensional porous 
lead dioxide electrodes supported either by pure lead 
or lead-antimony alloys. 
The morphology of the surfaces examined was found to 
be strongly affected by their history, particularly 
their charge/discharge cycles. Lead sulphate formed 
by the self corrosion process was much more porous 
than that ,formed by the electrochemical reduction of 
lead dioxide. For porous lead dioxide electrodes 
cycled to a constant response, three well defined 
regions were found to exist within the electrode. 
The oxidation of lead sulphate on lead and lead-
antimony alloys 'has shown that a duplex layer of lead 
dioxide existed on the lead-antimony alloys only. 
The primary layer of lead dioxide found on these 
alloys was analogous to the single layer on the pure 
lead electrodes. The observations of the morphological 
changes occurring in the two dimensional porous elec-
t/ 
trodes were not consis~ant with the theory of the 
macrohomogeneous model for porous lead dioxide,.possible 
interpretations of these results are discussed. 
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A area of surface or cross section 
o 
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super S and B (at the electrode surface and 
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Eo standard E.M.F. 
Er open circuit potential 
F Far~ constant 
i current density 
super S and B (at the electrode and 
in the bulk) 
io exchange current density 
N.A. numerical aperture 
P* specific ionic resistance 
Q heat (J) 
R molar gas constant, reSistance, resolving power, resolution 
S.H.E. standard hydrogen electrode 
T absolute temperature 
t time (secs) 
V molar volume, accelerating voltage 
x penetration depth 
Z atomic number 
CC charge transfer coefficient, electron beam semi angle 
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~d diffusion overvoltage 
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Introduction 
1.1 History 
The iead-acid battery is still one of the world's 
major sources of D.e. power even though the invention 
was made by Plant~l over one hundred years ago. The 
historic details of it's discovery and development 
have b"een adequately treated by Vina1 2 and today it's 
uses are many and diverse ranging from small sealed 
units of only a few watt-hours capacity for consumer 
applications to the gigantic batteries weighing several 
tonnes and of many megawatt-hours capacity used in 
submarines. Basically the main types of secondary 
batteries (ie rechargeable) can be categorised into:-
a) Starting, lighting and ignition (S.L.I.) 
batteries designed for the cranking of internal 
combustion engines and to provide energy to 
power the electrical system when the engine is 
not running. 
b) Industrial batteries for heavy duty applications 
such as fork lift trucks. 
c) Standby power batteries which are maintained 
in a fully charged state by the passage of a 
small charging or 'float' current. These 
batteries are used to provide emergency power 
-- -- --- ---- ---------
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for lighting, communications etc. When normal 
supplies are unavailable. 
In view of the obvious importance of the lead-acid 
battery, a considerable amount of work has been 
carried out on the system2- 7 • However, increasing 
awareness of the economics of energy conversion and 
utilisation has indicated that improvements to the 
performance and storage capacity of the lead-acid 
battery would be desirable. 
The negative battery plate has been the subject of 
recent fundamental study8,9 but a survey of the 
available literature has indicated that whilst there 
have been electrometric i~vestigations of the redox 
processes involved in the interconversion of lead 
dioxide and lead sulphate 10- 15, there appears to have 
been little study of the morphological changes which 
accompany these reactions. The work which has been 
done on the porous lead dioxide electrode has been 
admirably reviewed by Newman and Tiedmann16 , 
De Levie 17 and more recently by Bode 18 • In addition 
the theoretical model for the porous lead dioxide 
electrode proposed by Simonsson19 appears to be 
comprehensive. 
1.2 Research Aims 
In this work, the morphological changes resulting from 
the redox processes involved in the interconversion 
- J -
of lead dioxide and lead sulphate are investigated. 
Massive and porous lead dioxide films on both 
platinum and pure lead bases and one dimensional and 
two dimensional porous lead dioxide electrodes with 
supports of either pure lead or lead antimony alloys 
are studied. 
Chapter 2 
Theoretical Considerations 
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Theoretical Considerations 
The storage batteries in use today evolved from the 
investigations of many 19th century scientists 
working in the field of electrochemistry. The 
discovery of the galvanic battery in 1800 by Volta20 
initiated this line of research. Two years later, 
whilst studying the decomposition of water, Gautherot21 
discovered the polarisation of platinum wires produced 
by the passage of an electric current through his cell. 
He found that a weak current was returned when he 
connected the wires after having disconnected the 
source of current. Gautherot's experiment was 
repeated by Ritter22 in 1803 who went a step farther. 
He constructed small piles from plates of several 
metals, including gold and silver, placing moistened 
layers of cloth between the sheets of metal. He 
charged these piles with an electric current and 
obtained a discharge current from them after disconnec-
ting the charging source. 
Other experimentors entered the field but it remained 
for Plante 1 to develop a valuable form of cell as a 
result of his study of the properties of metals for 
the accumUlation of oxygen. In 1859 he 1 constructed 
the first lead acid cell to store electrical energy. 
His cell consisted of two lead sheets separated by 
strips of rubber and the whole rolled into the form 
of a spiral. The element formed in this way was 
- 5 -
immersed in 10r. sulphuric acid. " Plante studied the 
charging and discharging of this simple cell and 
described it as storing the chemical work of the 
voltaic pile. Plante's name has been perpetuated in 
connection with lead acid cells by the so called 
Plante plate. This type of plate consists of a sheet 
of lead on which tH'l'l active material is formed from 
the body of the plate by anodic corrosion. An alter-
native and more widely used plate was invented by 
Faure2J where the active material was produced from 
lead oxides which had been applied as a paste to a 
lead mesh. 
Plant~ cells are now generally used only for standby 
power applications where their properties of high 
reliability and long life are of paramount importance. 
However, for most other applications such as motive power 
and starting, lighting and ignition duties; the size, 
weight and cost of Plante type cells renders them 
unsuitable and here the Faure (or pasted) type plates 
are used. 
The conventional Faure cell of today consists of a 
positive electrode of lead dioxide, a negative of 
sponge lead, an electrolyte of aqueous sulphuric acid 
and a thin sheet of a porous insulator (known as a 
separator) which is placed between the positive and 
negative electrodes to electrically isolate them but 
allow ionic conductance between them. The solid 
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active material of the electrode is supported by a 
framework (known as the grid) of lead or lead alloy 
which, in addition to its role as a support for the 
active material, also serves as a current collector 
whose function is to maintain a uniform current 
distribution throughout the mass of the active 
material. The active materials are manufactured from 
lead oxide which has been mixed into a paste with 
dilute sulphuric acid. The first or forming charge 
reduces the paste in the negative electrode to sponge 
lead whilst that in the positive is oxidised to lead 
dioxide. 
2.1 Principal Cell Reactions 
Many theories have been proposed to account for the 
reactions which take place in the lead acid cell but 
the "double sulphate theory" first proposed by 
Gladstone and Tribe2q in 1882 is now generally 
accepted. Many arguments have been proposed against 
the theory, principally by Lodge 2 5, Fery and Cheneveau26 
and Riesenfeld and Sass27 but is was confirmed by Vinal 
and Craig28 , Beck and Wynne_Jones 29 and Barrett30 • A 
complete derivation of the reaction is given by 
Vina1 2 • The reactions taking place are:-
1. At the positive electrode: 
2-Pb02 + .SOq + qH+ + 2e 
discharge 
"" charge 
"> PbSOq + 
- 7 -
Eo = 1.685 volts v.s. S.H.E. 
2. At the negative electrode: 
discharg,e 
Pb + sof.- \ PbSO,. + 2e 
'± charge '± 
Eo - 0.356 volts v.s. S.H.E. 
3. The overall cell reaction is: 
Pb02 + 2H2 SOq + Pb 
discharge 
> 
, 
charge 
Eo = 2.0q2 volts v.s. S.H.E. 
(2.2) 
(2.3) 
In addition to these' principal reactions there are a 
number of secondary reactions occurring which give 
rise to self discharge of the battery. This process 
of self discharge has been investigated by Vinal2 
and more recently by Ruetschi and Angstadt 31 • 
2.2 Constant Current (Galvanostatic) Conditions 
When the cell is on open circuit a well defined 
potential difference Er exists between the positive 
and negative electrodes. This is the equilibrium 
potential of the system and is a thermodynamic 
quantity, once the concentration of the SUlphuric 
acid has been defined and its value fixed. This 
potential is the driving force for the cell reaction. 
- 8 -
When a current passes through the interphase, this 
potential changes in the same direction and becomes 
less. The amount of this decrease is known as the 
overvoltage,~. In actual fact the overvoltage ~ 
is made up of a number of contributions which are 
added together to make up the total value and it is 
convenient to consider each of these contributions 
separately and hence calculate the value of the 
overvoltage. This is known as the galvanostatic 
approach and is complimented by the potentiostatic 
approach where the current flowing for defined 
value of '7 is considered. 
It has been shown in equation (2.1) that at the 
positive electrode, there are four hydrogen ions 
(hydrated) together with one sulphate ion diffusing 
to the electrode and reacting to form lead sulphate, 
water and positive electricity. There will be 
forces necessary to cause the movement of ions in 
solution, diffusion, migration and also" "to cause 
the chemical reaction to proceed in the right 
direction. We have, therefore, three different 
overvoltages to overcome:_ 
1. The ohmic resistance of the solution. 
2. The transfer of charge in the electrochemical 
... reac ... :;.on. 
3. The effects of the diffusion which opposes the 
mass transport in solution. 
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To these, three more factors can be added:-
4. The resistance of the positive electrode. 
5. The resistance effect of the separator, and 
6. The overpotential due to any crystallisation 
effects which may occur in the electrode. 
2.2.1 The Ohmic Resistance of the Solution 
This can be calculated using the usual Ohmic consi-
derations with the provision that the conductance of 
the electrolyte solution changes during the discharge 
and charge. 
2.2.2 Charge Transfer 
Here a relationship between current density i and the 
charge transfer overvoltage 'I t is predicted. The 
convension used here is such that the cathode current 
is positive and drives the potential negative. 
r. _ClCZF'lt 
lexp RT -
( 1_c()ZF lIt ] exp RT '(. (2.4) 
The above equation (2.4) is known as the Erdey-Gruz 
and Volmer32 equation. 
- 10--
2.2.3 Diffusion in Solution 
A solution is offered here by using Fick's second 
law with the appropriate boundary conditions for the 
diffusion of both positive and negative ions. For 
small values of current density, the solution is 
given by: 
"'Id + TJt = ~ij 
where "7 d is the overpotential component due to 
diffusion which also contains the charge transfer 
solution when t~O. 
2.2.4- Resistance of the Positive Plate 
The resistance of the positive electrode is made up 
of the resistance of the grid and· of that due to the 
active material which will also include a component 
due to the lead sulphate formed by the electrochemical 
reaction. Under some circumstances a film of lead 
sulphate may be present in between the grid and the 
active material. This may be an important factor in 
dry charged positive plates when the film may be lead 
oxide and ultimately lead sulphate according to: 
Pb + Pb02--~~.2PbO--__ a.2PbS04 (2.6) 
- 11 -
Films such as these increase the resistance of the 
electrode and lower the discharge voltage according 
to: 
6E = i x Relectrode 
2.2.5 Resistance of the Separator 
When a separator is placed between the positive and 
negative electrodes this results in an increasing of 
the resistance of the element. This is a simple 
ohmic factor in principle and the decrease in cell 
voltage is given by: 
6E = i x Rsep (2.8) 
However in practice the effect of the separator can 
be far more complicated than is indicated by the 
simple relationship above (2.8) because of the inter-
ference by the separator on the convective flow of 
the electrolyte over the surface of the electrodes. 
Unfortunately the effect of the separator on the 
cell hydrodynamics cannot be described with certainty 
nor can it be calculated mathematically. Hence this 
separator effe·ct must be determined experimentally. 
_ 12 -
2.2.6 Nucleation, Growth and Crystallisation 
Effects 
When a new phase is to be formed on an existing 
electrode, eg lead sulphate on lead dioxide; a 
certain activation energy is required to initiate 
the nucleation process. If no seed (ie nucleation 
site) is present on the electrode then a supersaturated 
solution will also form. Generally the crystallisa-
tion can be initiated by a foreign seed (heterogeneous 
seed formation) or by a self-seeding on the surface 
of the electrode as two or three dimensional nuclei10 ,JJ 
or as nuclei formation in solution8 for which there 
must be a certain amount of supersaturation in order 
that the critical seed ~ay form. The critical size 
of the seed, which is the smallest ordered unit at 
the start· of. the ·cry~tallisation process from the 
supersaturated solution, is proportional to the 
interfacial tension which may vary for different 
crystal faces. The diameter of the critical seed 
dk will decrease as the supersaturation becomes 
greater. The Gibbs - Thompson equation applies here: 
_4,:1V 
·dk 
''/k = ---ZF 
~k - RT In (~) or = ZF as (2.10) 
where is the crystallisation overvoltage 
(J' is the surfac e tension (;>< O. 1 kg. s- 2 ) 
V is 
and a is 
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the molar volume (eg 48 cm3 per mole 
for PbS04) 
the ion activity in the supersaturated 
solution caused by current flow, compared 
with the saturation activity, as fixed 
by the solubility product 18 • 
For lead sulphate as the reaction product on the two 
electrodes of the lead storage battery on discharge 
we have:_ 
2 x 10-8 
= log(a!aoJ = 0.02 flm per decade of the 
supersaturated·ratio of a/ao • 
This primary seed formation can occur in aqueous 
solutions on foreign substances or separated particles, 
but is found mainly on the electrode formed from the 
prevailing electrochemical source. 
As the new centres of growth for the second phase 
become larger, the resistance to the react·ion due to 
this process decreases because there is an increasing 
area for the growth to occur. As the growing areas 
develop the reaction becomes more difficult due to 
the reacting surfaces becoming used up. This simple 
picture explains the 'coupe de fouet 2 , when a rising 
and fall~ng (or vice versa) voltage output occurs. 
The mathematics of this process is dependant on whe-
ther nucleation is instantaneous or progressive and 
- 14 -
whether the growth is one, two or three dimensional. 
Some of these processes have been discussed in 
detail by Hampson et al 12 ,14,34. 
2.3 Constant Potential (Potentiostatic) Conditions 
Although constant current processes are, for the 
electrochemist, the .easiest experiments to perform, 
they are unfortunately the most difficult to interpret 
mathematically. This is because the criterion for 
any particular reaction is the voltage and the 
electrode cannot readily be limited to one of a 
number of possible reactions merely by setting the 
current. However in the case of constant potential 
charging this problem can be overcome. The idea 
here is that the potential· is set such that the 
recharge reactions are completed with the minimum 
possible amount of the electrolytic reactions which 
form hydrogen and oxygen taking place. Under condi-
tions such as these, the charge transfer, electrode 
resistance and separator resistance relationships 
being time independant, as discussed previously 
(see equations 2.4, 2;7 and 2.8) are therefore 
unaffected. However the term which describes the 
diffusion in solution has been shown to be time 
dependant (see equation 2.5) and the use of Fick's 
law with the appropriate boundary conditions gives: 
- 15 -
where ~ (>-) = erfc (}\) exp (.>.2) 
Q io 
oxp [~~1dJ ' 1 .xp f"-~i ZF~d] } = COD o ZF RR (2.12) 
In addition, under constant potential conditions, the 
mathematics of the nucleation, growth and crystalli-
sation effects are quite clear and have been explained 
satisfactorily by Canagaratna et al 12 • 
2.4 Steady State Conditions 
In both the galvanostatic 'and potentiostatic approaches 
a monotonically decreasing output is predicted. 
However this is clearly not the situation in practice 
and it must be appreciated that the effects of convec-
tion have been ignored. This mode of mass transport 
is difficult to quantify and dep,ends on geometric 
parameters. The best way of treating this problem 
is to use a limiting current approach having defined 
a diffusion layer thickness 8 
viz 
i = (2.13) 
where CS is the sulphuric acid concentration at the 
electrode and CB is the concentration in the bulk 
electrolyte. 
-- .-,------~~---
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2.5 The Porous Electrode 
So far the electrochemical considerations have been 
formulated for flat uniform electrodes such as 
mercury and there is little doubt that they apply 
exactly to that metal which being a liquid at room 
temperature is ideally flat. However the surfaces.of 
real solid electrodes are not flat but are inhomogeneous 
and composed of a number of crystal faces each with its 
own electrochemical characteristics. The surfaces of 
solid electrodes are often chemically inhomogeneous 
or partially covered with adsorbect salts. The surfaces 
of battery electrodes are never flat and their surface 
roughness and porosity introduce complications which 
cannot be satisfactorily accounted for by the theories 
which apply to truflY flat electrodes. Figure 2.1 
illustrates what the complications due to surface 
roughness may amount to. This diagram shows that 
the effective surface area when the reaction layer 
is thin is considerably greater than when it is thick. 
Such a consideration would tend to indicate that at 
high rates due to the above effect, a better perfor-
mance than otherwise predicted might be obtained. 
The pore structure of the electrode is a further 
complication which must be dealt with. These problems 
are twofold, the potential in the pore will vary down 
the pore length and the diffusion within this pore 
will be restricted by the pore geometry. With this 
- 17 -
in mind, the theories already developed must be 
extended to the porous matrixJ5 • 
Various theoretical models have been used to describe 
mathematically the processes which occur in flooded 
porous electrodes. Winsel J6 has suggested a model 
consisting of circular cylindrical pores of constant 
radius, parallel to each other and perpendicular to 
the outer surface. Euler and Nonnenmacker J7 have 
used a model which is represented by electrical 
equivalent circuits. In this way the behaviour of 
the electrode can be simulated with a network of 
ohmic and charge transfer resistances. 
These two models both have their disadvantag~s. 
The first model cannot be used with electrodes of 
cylindrical shape or with those which must be 
considered as two dimensional, since in both these 
cases complications arise concerning the direction 
of the pores. The second model has been applied to 
some practical electrodes, including the lead 
dioxide electrodeJ8 • However, this model makes use 
of a linearised polarisation equation and is thus 
realistic only for small current densities, while 
it becomes unrealistic for large current densities 
where the polarisation equation is of the exponential 
typeJ9j40. Furthermore it is difficult to account 
for the influence of concentration changes in the 
electrical model. 
_ 18 _ 
The continu~us or macrohomogeneous model J9 ,41 
eliminates most of the above disadvantages. This 
model disregards the actual geometric detail of the 
pores and describes the porous electrode as a super-
position of two continuous phases, liquid and solid. 
This model resembles real electrodes when particle 
and pore dimensions are of the order of one micr;p~ 
metre. Under these circumstances the concentration 
of the electroactive species depends only on time and 
distance from the outer surface of the electrode. 
Other processes have been considered as the major 
failure mechanism in systems other than the lead-acid 
battery, these have been reviewed by Newman and 
The lead dioxide electrode itself has 
been treated by Micka and Rousar 42 and by Simonsson19 ,4J. 
In his treatment, Simonsson4J made a theoretical 
analysis of the initial current distribution in the 
porous lead dioxide electrode by the application of the 
macrohomogeneous model for porous electrodes. The 
parameters in the model were determined experimentally 
for the investigated lead dioxide battery plates. 
The theoretical results were found to be in good 
agreement with experimental determinations which were 
made ·by means of electron probe microanalysis of the 
lead sulphate distribution within partly discharged 
positive electrodes, see fig 2.2. The experimental 
stUdies of current distribution showed that at high 
current densities the electrode reaction takes place 
1 
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mainly in the outer layers of the electrode, 
fig 2.3. At low discharge currents, fig 2.4, the 
initial current distribution is uniform while after 
the first quarter of discharge, the outer layers are 
more utilised than the inner parts. In addition 
Simonsson43 also proposed that at high current 
densiti~s, passivation was due to acid depletion in 
the depth of the electrode whilst at low current 
densities passivation is probably due to plugging 
of the pores. Gridaspow and Baker44 also consider 
that pore blocking may be the mechanism for battery 
failure. 
From a survey of available information16 ,17,43,44, 
it appears that the output of a battery electrode 
is influenced by current density, electrolyte 
depletion, pore blocking, exhaustion of available 
active material, mass transport and penetration 
depth. 
2.5.1 Current Density 
The use of higher current densities results in 
higher overpotentials (lower terminal vOltages) and 
the nominal cut off (failure) voltage being reached 
more rapidly. 
_ 20 _ 
2.5.2 Electrolyte Depletion 
The depletion of acid at the pore mouth, at the 
surface of the electrode, contributes to the 
failure of the electrode. This factor becomes more 
serious at high rates of discharge43. 
2.5.3 Pore Blocking 
During discharge, the electrode pores may become 
blocked with lead sulphate. This, being insoluble 
and insulating, will at least interfere with the 
transport of electrolyte from the bulk of the acid 
to the inside of the electrode via the pore mouth 
and in the worst case may result in the complete 
passivation of the electrode. 
2.5.4 Exhaustion of Available Active Material 
The discharge of the electrode may be terminated by 
the exhaustion of the active material or by the pore 
walls becoming covered with a layer of insulating 
and insoluble lead sulphate. The most sensible 
assumption here is that the pore walls are incompletely 
covered with lead sulphate. In his treatment, 
Simonsson43 considered 
coverage was dependint 
I 
density. 
that the extent of this 
on the discharge current 
- 21 -
2.5.5 Mass Transport 
The rate of mass transport within the pores may 
cause a limit to be reached when the rate of trans-
port is no longer able to keep up with the rate of 
the electrochemical reaction. 
.. 
2.5.6 Penetration Depth 
The distance to which the reaction can penetrate 
into the electrode is known as the penetration 
depth. Electrodes which are thinner in cross 
section than this value behave like plane electrodes 
of enhanced surface area whilst those much thicker 
than this are not fully utilised. For the resistance 
controlled porous electrode:-
RT 1 
ZF· p·io (2.14) 
where x is the penetration depth, d the average pore 
diameter, io the exchange current density and p. the 
specific ionic resistance. Equation '( 2. lid applies 
to flat electrodes free of edge effects 18 , The 
exchange current density is determined by the reaction 
0-1(,.5 
characteristics and the pore diameter characteri~ 
of the porous structure of the electrode, which 
affects the electrode porosity and e££ective 
resistanceo It was found 45 that for an average pore 
diameter of O.5pm, Z = 2. and io = 0.05 A.m- 2 , a one 
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sided penetration depth of about 1mm was obtained. 
However, if diffusion alone is the controlling 
factor in the porous electrode, then the penetration 
depth is described by:-
x = CoD* ZF 
i(1-9) 
where 0* is the diffusion coefficient, Co the 
electrolyte concentration, e the porosity and i the 
current density based on the geometric surface. 
Using an electron probe microanalyser the distribution 
of,lead sulphate after discharge through the cross 
section of battery electrodes was determined for 
various discharge currents and depths of" 
discharge46 ,47,48. During the first third of the 
discharge a fairly uniform distribution was observed 
over the entire cross section of the electrodes for 
both low and high current densities, see figs 2.5 
and 2.6. Insofar as conclusions may be drawn from 
the distribution of sulphate to the current density 
distribution, at lower current densities a uniform 
loading of lead sulphate occurred during the entire 
discharge (fig 2.5). The sulphuric acid necessary 
for this discharge capacity must be brought into the 
pore system by diffusion and migration. Estimates 
of the penetration depth for these low current 
densities shows that even electrodes several milli-
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metres thick are within the penetration depth. 
However, account of the general decrease in the 
effective pore diameter resulting from a covering 
of the inner surface with lead sulphate has not 
been taken. At high current densities the consump-
tion of sulphate ions exceeds their possible 
replacement by diffusion. Stated otherwise, the 
penetration depth is less than half the thickness of 
the electrode. This causes a contraction of the 
discharge to the edges of the electrode, see 
figs 2.6 and 2.7. Figure 2.7 shows the effect of 
current density on the lead sulphate distri·bution in 
a positive electrode. The inner acid contributes 
more to the capacity at high rate discharge. as 
shown in fig 2.6. The relationship between penetra-
tion depth and discharge current density also 
illustrated by figs 2.2, 2.3 and 2.Q (due to 
SimonssonQ3 ) are in general agreement with the 
aforementioned results. 
These results show how extensively mass transfer 
controls the electrode reactions in porous electrodes 
of lead-acid batteries. At low acid density, 
resistance changes participate in the formal 
mechanism in which the discharge becomes restricted 
to the edge zones at the lower current densities 
that would other' .... ise occur only in the high rate 
diSCharges. 
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Experimental Techniques 
3.1 Electrolytic Systems 
3.1.1 Electrolyte Solutions 
The electrolyte solutions were prepared from AnalaR 
grade chemicals and tri-distilled water. 
3.1.2 Electrolytic Cells 
The cells used for this work (illustrated by 
figs 3.1 and 3.2) were made from borosilicate glass 
and the cell fittings were ground glass joints free 
of any lubricant. The cells, together with all the 
glassware, were cleaned by soaking in a 50:50 
mixture of nitric and sulphuric acids for seven days. 
The acid mixture was removed by thoroughly washing 
with bi-distilled water and finally soaking in 
bi-distilled water for twenty four hours. 
3.1.3 One Dimensional Planar Electrodes 
For these studies, the rotating disc electrode, as 
shown in fig 3.3, was used. These are the most 
useful of the hydrodynamic electrodes from both the 
practical and theoretical viewpoints and with such 
electrodes the equations for mass transport are in 
close agreement with experimental result s 4 9. The 
mathematics of these electrodes have been adequately 
treated by _Levich5 0 and the shape and dimensions of 
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the electrodes used in this work were in accordance 
with hydrodynamic requirement s 4 9. A mercury pool 
provided the electrical contact between the rotating 
and external circuit. 
Beta lead dioxide electrodes were prepared by 
electro-deposition (0.7 rnA.cm- 2 ) onto platinum from 
acid lead perchlorate solution (2.5 M CL02-, 0.1 M H+). 
Prior to deposition, the platinum surface had been 
prepared by grinding on progressively finer grades of 
emery paper, then polished with 6, 1 and 0.25fm 
diamond paste and finally etched with a 50:50 mixture 
of nitric and sulphuric acids. 
The lead electrodes were prepared by electrode-
position of lead (5 rnA.cm- 2 ) from acid lead perchlorate 
solution onto a lead substrate which had been polished 
firstly on roughened glass, using tri-distilled water 
as a lubricant in order to remove any embedded 
material, and finally on tissue paper. 
In order to facilitate the scanning electron micro-
scope studies, the rotating disc electrodes were 
constructed such that the end consisted of a Teflon 
shrouded electrode (platinum or lead) which screwed 
into the end of the rotating disc electrode assembly 
with liquid-tight sealing. These end pieces were 
, 
designed to be a convenient size for mounting in the 
specimen holder of the scanning electron microscope. 
_ 26 -
3.1.q One Dimensional Porous Electrodes 
The electrode in this case is basically a rotating 
disc electrode with a solid support of either pure 
lead or antimonial lead alloys lying beneath the" 
level of the Teflon shroud (fig 3.q) such that 
subsequent pasting of the electrode flush with the 
Teflon produced a porous layer of leady oxide 
(0.762 mm in depth; 3mm diameter). This porous 
matrix was converted to lead dioxide by galvanostatic 
polarisation (0.3 M H2SOq ; .... 25 mA. cm- 2 ) which was 
continued until a steady potential was reached 
(1.250V vs Hg/Hg2S0q/0.3M H2 SOq) and oxygen was 
freely evolved from the lead dioxide (final porosity 
of 56.6%). It was found necessary to convert the 
electrode to lead dioxide in the upward facing 
position to prevent oxygen gas saturating the 
matrix and interfering with the oxidation. 
As in the case of the planar electrodes, the 
rotating disc electrode had a removable end section 
for the scanning electron microscope examinations. 
3.1.5 Two Dimensional Porous Electrodes 
These electrodes (fig 3.5) were prepared by applying 
paste to circular holes in pure lead (99.99%) shrouds 
made from flat sheets of various thicknesses (1.0, 
1.5 and 2.0 mm) to form rectangular electrodes 
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4 cm x 2 cm in area. The paste was allowed to set 
in 100% humidity and after seven days was dried at 
1000 C. Excess paste was removed from the surface 
of the lead which was then carefully painted with 
Lacomit (an insulating laquer which is impervious 
to the sulphuric acid electrolyte) so that only the 
circular pellet of active material held by an annular 
support of pure lead was able to react electro-
chemically. 
The circular porous electrodes (up to 8mm in diameter) 
were formed by electro-oxidation in 0.5 M. H2 504 
with several open circuit periods and a large excess 
(of the order of 500%) of charge over the amount 
required theoretically for complete conversion of 
the paste to lead dioxide. After the formation 
was complete, the electrodes were transferred to 
5 M H2 504 and allowed to stand for some time before 
the electrochemical reaction was started in order 
to ensure that the density of the e:J.ectrolyte was 
constant throughout the system. 
3.1.6 Counter and Reference Electrodes 
The counter electrode used for experiments involving 
the one dimensional electrodes (ie the R.D.E. 
studies) was a large area platinum gauze (except for 
electrodeposition when the counter electrode was a 
pure lead (99.9999%) wire coil, whilst that for the 
two dimensional electrodes was lead sheet of 
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99.9999% purity. 
The reference electrodes used for all the experiments 
was a mercury, mercurous sulphate, sulphuric acid 
(at the concentration of the cell electrolyte) 
electrode, see fig 3.6. 
3.2 Electrical Circuits 
3.2.1 One Dimensional Electrodes (ROE) 
A block diagram of the apparatus used is shown in 
fig 3.7. Current"s were measured using a Scalamp 
galvanometer (Pye Cat No 7892/5) in conjunction with 
a potentiostat (chemical electronics, type TR70-2A) 
at fixed potentials measured with a digital multi-
meter (Hewlet Packard type 3490A). The rotation 
speed was controlled (60-3400 rpm) by a control unit 
(designed by 0 R Brown, Newcastle upon Tyne) and 
calibrated using a Stroboscope (Dawe type 1200E). 
3.2.2 Two Dimensional Electrodes 
The apparatus used here is illustrated by fig 3.8. 
Currents were measured using a scalamp galvanometer 
o 
(Pye Cat No 7892/5) and potentials monitJr'ed using 
a chart recorder (Kipp and Zonen BOB) in conjunction 
with a digital voltmeter (Kemitron M M-2). Timing 
was carried out by the chart recorder and checked 
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by using a stopc1ock 
3.3 Morpho1ogica1 Studies 
3.3.1 Choice of Technique 
The purpose of this investigation is to study the 
morpho1ogica1 aspects of the products of the redox 
processes invo1ved in the interconversion of 1ead 
dioxide and 1ead su1phate. In order to do this, as 
·the products of the reactions wi11 be far too sma11 
to discern with the naked eye, a microscopica1 
technique capab1e of reso1ving the partic1es 
concerned and with sufficient depth of focus to 
enab1e their form to be characterised needs to be 
used. With traditiona1 microscope techniques, 
uti1ising 1ight as the i11uminating source, the 
reso1ution of the instrument wi11 on1y be of the 
order of 0.15 to 0.25 pm at best since the reso1ving 
power is re1ated to the wave1ength of the i11uminant 
according to: 
R = 0.5>-
N.A. (J. 1) 
where R is the reso1ving power, ~ the wave1ength of 
the i11uminating source and N.A. the numerica1 
aperture of the objective 1ens. If we consider 
green 1ight where >- = 5000 ~ and a high power objec-
tive 1ens of numerica1 aperture 1.~, then using 
equation (3.1) it can be seen that the 1imit of 
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resolution will be 0.18 }oL m5 1 • This value approxi-
mates the best obtainable with optical microscopes. 
In addition to resolution, the depth of focus must 
also be considered as the species to be studied in 
this work are part of a porous mass and are unlikely 
to present a uniformally flat plane where focus is 
not a problem. The depth of focus, D, is related 
to.the resolution (and hence to the illuminant 
wavelength) and the numerical aperture as follows: 
(3.2) 
Taking the case of the system considered previously, 
ie resolution R = 0.18 iJ.m and N.A. = 1.4, then it can 
be seen that the depth of focus D ~0.13,Mm51 •. The 
values of these two important parameters would appear 
to be rather low for the type of materials to be 
studied in this investigation and to obtain any 
worthwhile increase in them an illuminating source 
with a shorter wavelength needs to be employed. 
To achieve this reduction in wavelength, ultraviolet 
light could be used. However, although wavelengths 
o 
as short as 1000 A can be a~tained, severe practical 
difficul ties in . specimen preparation and image 
interpretation make this technique unsuitable 
particularly as the improvements in resolution and 
depth of focus are only by a factor of two to three. 
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Still shorter wavelengths can be attained by the use 
of x-rays. Soft x-rays have wavelengths in the 
o 
range of 10-1000 A and hard x-rays in the region of 
o 
1-10 A. Wavelengths of these magnitudes would appear 
to hold some promise, particularly the hard x-rays 
but unfortunately x-rays are refracted hardly at all 
by glass or by any other material for that matter so 
that practicable lenses cannot be made for focusing 
them. It is not possible either to make a mirror 
microscope since x-rays pass right into the mirror 
instead of being reflected from it. The only way 
to use x_rays therefore is to project them from a 
point source through the object of interest and 
collect the image on the opposite side. The problem 
then is to produce a sufficiently small and intense 
source of x-rays. The main limitation on the 
projection x-ray microscope is the intensity rather 
than the size of the source and with present 
knowledge51 , the x-ray output of such systems is 
so low as to be almost invisible on even the best 
available imaging screens. This results in a 
practical resolution at the moment of about 0.1 IJ.m 
which is little better than that attainable with 
microscopes using light as the illuminating source. 
This brings us to electrons as a possible source. 
Here the wavelength is given by: 
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where V is the accelerating voltage of the electron 
beam. At 100 kV the wavelength would be 0.037 ~ and 
the theoretical resolution (from equation 3.1 where 
numerical aperture is analogous to the semi angle of 
o 
the electron beams) would be of the order of 0.04 A. 
However this is a theoretical value and for a 
conventional transmission electron microscope a 
realistic value would be of the order of 3 to 7 ~. 
This difference between theoretical and practical 
resolution is due to lens inperfections which the 
manufacturers find difficult to eradicate52 • Now 
with transmission electron microscopes the samples 
for examination must be thin enough for the electron 
beam to pass through and project an image onto a 
viewing screen or photographic plate. This means 
that either thin slices of the specimen must be 
produced by ultramicrotomy or replicas of the surface 
must be made. There is however, a more convenient 
way of studying the type of sample of interest in 
this project, that is a study of the morphology of 
active materials. This is by the technique of 
scanning electron microscopy. These instruments 
differ from conventional transmission electron 
microscopes in that the electron beam is focused to 
a fine spot and made to scan across the specimen 
surface in a rastor pattern. The image is produced 
by collecting secondary electrons e~itted from the 
specimen surface and detected above the sample rather 
than below it. For commonly available scanning 
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o 
electron microscopes, resolutions of around 100 A 
are to be expected. The depth of focus in these 
instruments is given by: 
R D = (J.4') 
« 
where « is the electron beam semi angle. At a 
o 
resolution of 100 A and ~ = 5 x 10- 3 radians (typical 
value), the depth of focus would be 2 p.m whilst at a 
resolution of l)J.m (ie the instrument is being 
operated at lower magnification) the depth of focus 
would be 1 mm52 • Clearly the use of a scanning 
electron microscope (SEM) would appear to be most 
promising for these investigations. 
3.3.2 The Microscope and Ancillary Equipment 
The scanning electron mi~roscope used throughout 
the investigations was a JEOL JSM 35 (fig 3.9) 
operated with an accelerating voltage of 20kV. All 
imaging waS by secondary electron emission, photo-
graphs were produced on Ilford PanF film developed 
in Acutol FX14 and printed using Ilford Ilfospeed 
papers and processing chemicals. Prior to micro-
examination, all the samples were gold coated (to 
eliminate the charging artefacts obtained when 
examining poorly conducting media and to facil.itate 
the production of secondary electrons53 ) in a 
Polaron E5000 sputter coater to a typical coating 
o 
thickness of 100 A. 
J.J.J Sample Preparation 
J.J.J.l One Dimensional Planar Electrodes 
To examine these samples in the S.E.M., the removable 
end piece of the R.D.E. (see fig J.J) was simply 
screwed out, gold coated, placed-into the microscope 
sample holder (see fig J.I0) and inserted into the 
microscope. 
J.J.J.2 One Dimensional Porous Electrodes 
The steps in the preparation of these electrodes is 
illustrated in fig J.ll. As in the previous case, 
the R.D.E. end piece was first removed and then the 
lead (or lead alloy) support and porous electrode 
was pushed out of the Teflon shroud (J.ll.a.) using 
a steel rod of slightly smaller diameter than the 
support. The porous electrode was separated from 
the support by carefully inserting a scalpel blade 
into the electrode/support interphase (J.ll.b), 
however in many cases this separation occurred 
simultaneously with the removal of the support from 
the shroud and did not require the use of the scalpel. 
The porous electrode was then fractured axially, 
(J.ll.c.), (sectioning by microtomy or similar 
techniques tends to destroy the topographical detail) 
and one half mounted on a specimen stub such that 
the S.E.M. observations could be carried out along 
the axial fracture, (J.ll.d.). The remaining half 
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of the porous electrode pellet was mounted on a 
specimen stub, (3.11.e.), so that the front of the 
electrode (ie the porous electrode/electrolyte 
interphase) could be examined. The lead/porous 
electrode interphase was studied by mounting the 
lead support on a specially designed specimen stub, 
(3.11.f.). After gold coating, each of the specimens 
was placed in the specimen holder and inserted into 
the microscope. 
3.3.3.3 Two Dimensional Porous Electrodes 
Figure 3.12 illustrates the preparation techniques 
employed for these electrodes. This was a difficult 
operation requiring great care. It was performed by 
carefully cutting through the lead shroud, (3.12.a~), 
almost as far as the porous pellet along diameters at 
right angles to the long axis. The plate was then 
snapped across by twisting such that the pellet was 
fractured, (3.12.b.). The pellet was removed from 
the shroud and as before, one half was mounted such 
that the axial fracture could be examined, (3.12.c.) 
whilst the other half was used to study the porous 
electrode/electrolyte interphase, (3.12.d.). The 
lead/porous electrode interphase was examined by 
cutting a portion from the shroud and mounting it 
such that the supporting anulus would be normal to 
the electron beam, (3.12.e.). As before, these 
samples were gold coated and then examined in the 
S.E.M. 
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Investigation of the Surface Structures Found 
on the One Dimensiona1 P1anar E1ectrodes 
4.1 Introduction 
The e1ectrometric responses of massive and porous 
Pb0 2 fi1ms on both p1atinum and 1ead bases have been 
investigated12 and it was shown that a condensed 
surface of ~Pb02' formed by e1ectrodepositing on 
Pt, cou1d be reduced to PbS04 by a simp1e mechanism 
in which the surface became progressive1y covered 
by a very thick fi1m of PbS04. This fi1m appeared 
o 
to be thousands of A thick and the e1ectrode became 
passive when it was comp1ete1y b1ocked. No 
nuc1eation step appeared to be needed in this 
process and it wasconc1uded that su1phate was 
adsorbed by Pb02 in su1phuric acid. This. conc1usion 
reinforced ear1ier work13 using the differentia1 
capacitance method; when a 1arge pseudo-capacitance 
and adsorption minimum was interpretab1e on1y as a 
consequence of bisu1phate ion adsorption. 
Ear1ier work by F1eischmann et a1 10 indicated that 
for a grown fi1m of PbS04' over1aying massive 1ead, 
a nuc1eation step was necessary to initiate its 
conversion to Pb020 Further work has suggested that 
there is a difference in qua1ity of the Pb02 formed 
in the first oxidation and that produced in subsequent 
cyc1es 14 ,15. Thus it was found that the first 
oxidation conformed to a progressive nuc1eation 
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and growth process whilst Pb0 2 formed after the 
reduction of the first Pb02 layer conformed to an 
instantaneous nucleation and growth process. These 
results have important implications for the study 
of the Pb02 positive and consequently it was thought 
desirable to check that the results obtained 
electrometrically have morphological consequences. 
q.2 Experimental 
The experiments were performed on disc elec~rodes 
as described in 3.1.3. The electrolytic cell and 
electrical circuit are illustrated by figs 3.1 and 
3.7 respectively. Potentiostatic experiments were 
made at room temperature. in 5 M H2 50q • The 
cathodic sweep rates were 10 mVs-l for Pb50q/Pt 
reductions and 3 mVs-l ror Pb02/Pb reductions. 
After completion of the experiments, the specimens 
were taken from the electrolyte under potential 
control, washed in bi-distilled water and dried in 
a vacuum oven at qOoC. The samples were then 
prepared for examination in the scanning electron 
microscope as described in 3.3.3.1. 
q.3 Results and Discussion 
q.3.1 Massive ~ PbO 2 on Pla Unum 
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The Reduction of ~Pb02 to PbS04 in 
• 
In figure 4.1 a ~Pb02 surface at two magnifica-
tions after pro1onged contact with 5M su1phuric 
acid at 1200 mV is shown. This surface consists 
of sma11 condensed partic1es of even size 
(N5 x 102 nm); no evidence of PbS04 crysta11ites 
is visib1e. The true surface area is considera-
b1y greater than the apparent va1ue in agreement 
with differentia1 capacitance measurements 13 • 
Figure 4.2 shows the effect of on the surface of 
a. potentia1 sweep to 700 mV at 10 mVs-l fo11owed 
by a ten minute period in the e1ectro1yte at 
700 mY; the surface is shown ti1ted in figure 
4.2.c. C1usters of PbS04 crysta1s are observed 
to have grown orthogona11y from the surface. It 
is evident that the surface is not complete1y 
b10cked by PbS04; some access of su1phuric acid 
to under1ying Pb02 is possible. This again 
confirms ear1ier observations 12 that after one 
sweep to 700 mV the surface is not complete1y 
passive. A repeat sweep on the e1ectrode resu1ts 
in a sma11 amount of charging. 
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q.3.1.2 The Reoxidation of PbSOq on ~Pb02 to Pb02 
Figure q.3 shows the results of a potentiostatic 
experiment on a grown PbSOq layer (fig q.2) in which 
the potential is stepped from 800 to 1300 mV and 
has been maintained at the higher potential for 
30 seconds. It is evident that the formation of 
Pb02 from the PbSOq crystals has commenced at 
selected spots and this is seen to be further 
developed in fig q.q which corresponds to a potentio-
static polarisation time of two minutes. Here the 
quantity of large block-type crystals has decreased 
significantly, and the structure has become much 
finer grained. Figures q.5 and q.6, for reaction 
times of five and fifteen minutes respectively, show 
little difference in the quantity of fine-grained 
Pb02 crystallites present. This is in agreement with 
electrometric measurements in which the Pb(II)-+Pb(IV) 
oxidation current in a potentiostatic experiment 
(800--+1)00 mV) is negligible after 8 minutes. 
The results of the incomplete cleaning of an electrode 
during the preparation of the Pb02 surface was 
evident from fig q.7. The effect appeared during 
the reoxidation of the PbSOq surface rather than in 
the first reduction of the Pb02. This is shown in 
fig q.7 where the results of a potential step on a 
reduced "contaminated" electrode was to leave 
unconverted a significant area ("'20%) of the sulphate. 
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The nature of the contamination was a layer (possibly 
oxide or intruding organic) on the platinum upon 
which the Pb02 was originally electrodeposited 
caused by an insufficient cleaning period in sulphuric 
acid prior to the electrodeposition. This observation 
is of considerable interest and indicates that the 
effect of contaminants on the positive plate in a 
lead acid battery is on the nucleation step in the 
recharging process. Confirmation of this exploration 
was provided by making experiments on insufficiently 
etched platinum electrodes, reduced to give coherent 
complete layers of sulphate. The worst cases of 
contamination were observed to have almost intact 
layers of PbS04 after several minutes potentiostatic 
polarisation at 1400 mY. With the conventional 
sulphuric acid treatment (1 h), satisfactory oxida-. 
tion was always observed. 
4.).1.) The Reduction of Pb02 grown from PbS04 
(2nd Reduction Cycle) 
Following the reduction of the electrodeposited 
~Pb02 surface the electrode was pulsed back to 
1)00 mY (from 700 mY) and held at that potential until 
the electrode was effectively re_converted to Pb02. 
Figure 4.8 shows the effect on the surface of 
returning to 700 mY by a potential sweep. The most 
important feature is the surface closely packed with 
PbS04 which effectively blocks and thus passivates 
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the surface of the underlying Pb02. A comparison 
with the micrographs of fig 4.2 shows that there is 
an important difference between PbS04 surfaces 
produced from electrodeposited Pb02 and that from 
Pb02 formed via PbS04. This lies in the form of 
the PbS04 which is very fine grained. Isolated 
large cOlumn~r crystals of PbS04 are however observed 
randomly; it appears that these remain from the first 
reduction. 
It can-be concluded from this work that with massive 
~Pb02 there is a difference in morphology in the PbS04 
formed in the initial and subsequent reductions. This 
agrees with earlier observations 1). The effect of 
impurity in Pb02 electrodes occurs in the nucleation 
step of the oxidation process (PbS04 _ Pb02). 
4.).2 Massive Lead Electrodes 
4.).2.1 The Formation of PbS04 in 5M H2S04 
Previous electrometric work14 ,15 has shown that at 
a potential of 700 mV reaction times of the order of 
1 h are required for the development of a completely 
blocking film of PbS04 on Pb. Figure 4.9 shows such 
a film where it is apparent that we have large PbS04 
crystals in the "valleys" of the electrode surface 
and smaller crystals on the tops of the "hills". 
This is in agreement with a solution-precipitation 
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process as envisaged by Archdale and Harrison54 , 
restricted diffusion in the hollows giving rise to 
larger crystals. This observation may account for 
differences in the response of lead-electrodes to 
electro-oxidation in H2S04 observed as a result of 
different surface treatments. Surfaces with large 
roughness factors would be expected to engender a 
large proportion of PbS04 crystals. When the 
reaction time at 700 mV is restricted to 15 min 
(fig 4.10), the gradual covering of the Pb base 
with PbS04 is observed. Here the surface topography 
of the lead appears to be followed by nucleation of 
the small crystallites occuring within the deep 
hollows of the surface. Such crystals once nucleated 
grow orthogonally to the surface, possibly in extreme 
cases developing to quite large sizes. This is 
actually observed in fig 4.10.d which suggests that 
the point of crystallite development lies below the 
general surface level. It is clear that the explana-
tion advanced here gives an adequate explanation of 
variability due to surface treatment factors. This 
possibly explains why electrodeposited Pb on Pb 
surfaces give the most reproducible electrodes, for 
with these types of electrodes the number of gross 
surface defects would be expected to be constant for 
constant electrodeposition parameters. 
4:3.2.2 The Oxidation of PbS04 on Pb to Pb02 
Stepped from 700 up to 1350 mV"the PbS04 e1ectrode 
is converted to Pb02, exhibiting the we11-known 
rising transients for phase growth 10 ,13,14,15. As 
soon as potentia1 contro1 is removed, the reaction: 
occurs between the under1ying Pb, Pb0 2 and any 
H2S04 avai1ab1e at the boundary between these two 
so1id phases. Figure 4.11 shows an e1ectrode on 
which this reaction was a110wed to proceed, the 
potentia1 fa11ing to that characteristic of PbS04 
rather than Pb02. The 1arge crysta1s of PbS04 
observed have never been transformed to Pb02 (if 
sufficient conversion to Pb02 occurs the surface is 
"passivated" in as much as H2S04 cannot penetrate the 
Pb02 1ayer and reaction (4.1) cannot take p1ace). 
The high1y porous PbS04 structure observed between 
the iso1ated 1arge crysta1s is the deve10ped surface 
due to reaction (4.1). This emphasizes the beneficia1 
effects of rests in positive battery p1ate formation; 
an increase in porosity improves the u1timate discharge 
behaviour. 
4.3.2.3 The Reduction of Pb02 on Pb to PbS04 in 
5M H2S04 
A coherent comp1ete fi1m of Pb02 was prepared by 
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completely converting the PbS04 layer to Pb02 at 
1350 mV and then sweeping down to 700 mV at 1 mVs-1. 
Figure 4.12 shows that the results differ markedly 
from those shown in fig 4.11. In the swept electrode, 
the product PbS04 is very ordered and composed of 
quite large crystals, the porous deposit of the 
self-discharged electrode being absent. It can be 
concluded that the self - discharge of the reaction 
in which Pb is consumed is much more effective in 
surface area development than the single electro-
chemical conversion of a PbS04 surface. 
4.3.2.4 The Second Oxidation of PbS04 to Pb02 
(2nd Cycle) 
Following the reduction corresponding to fig 4.12, 
a subsequent potentiostatic oxidation at 1350 mV 
produced the surfaces illustrated in fig 4.13. 
Here rod like crystals of Pb0 2 were observed to 
be growing across the deposit. It is clear that 
morphological changes between subsequent cycles 
occur and these are the reasons for differences in 
the responses of Pb02 electrodes in charge/discharge 
cycling. 
4.4 Conclusions 
The difference between the morphology of the surface 
after the initial and subsequent electrochemical 
cycles is again emphasized. The unique porous 
character of the surface obtained by a self corrosion 
process is of considerable importance in the surface 
development process. 
FIGURE 4.1 Electrodeposited BPb02 on a Pt. base after immersion 
in 5M H2S04 at 1200mV 
(a) 
(b) 
FIGURE 4.2 PbS04 Crystal clusters grown from the Pb02 by a 
potential sweep at 10mVs- l from 1200 to 700mV 
Ca) 
(b) 
(c) 
FIGURE 4.3 Growth of Pb02 from grown PbS04 layer after 30s 
at 1300mV 
(a) 
(b) 
(cl 
FIGURE 4.4 Growth of Pb02 fr.om the grown PbS0 4 layer after 2 mins. at 13UOmV. 
(a) 
(b) 
(c) 
(d) 
FIGURE 4.4 cont. Electrode tilted in (d) to show topography. 
FIGURE 4.5 Growth of Pb02 from the grown PbS04 layer after 5 mins. at 1300mV. 
(a) 
(b) 
FIGURE 4.f.. Growth of Pb02 from the grown PbS04 layer after 15 mins at l300mV. 
(a) 
(b) 
FIGURE 4.7 Evidence of a contamination effect by presence of 
PbS04 crystal structures on an electrode oxidised 
at 1300mV for 15 mins. 
(a) 
(b) 
FIGURE ~.8 Reduction of the grown PbOZ to PbS04 by a potential sweep at 10mVs-l from 1300 to 700mV. 
(a) 
(b) 
FIGURE 4.9 PbS0 4 grown on electrodeposited Pb at 700mV for 1 hour 
(a) 
(b) 
FIGURE 4. 10 PbS04 grown on electrodeposited Pb at 700mV for f5 mins. 
(a) 
(b) 
(c) 
(d) 
FIGURE 4.10 cont. 
(a) 
(b) 
(c) 
FIGURE 4.11 Effect of oxidation of the PbS0 4 layer at 1300mV 
Ca) 
Cb) 
FIGURE 4.12 Reduction of the grown Pb02 to PbS04 by a potential 
sweep at lmVs-l from 1350mV to 700mV 
FIGURE 4.13 Effect of oxidation of the PbS04 layer shown in fig. 4.12 at 1350mV 
(a) 
(b) 
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Morphological Study of The One Dimensional 
Porous Lead Dioxide Electrode 
5.1 Introduction 
Recent investigations 14 ,15 of the electrometric 
responses of one - dimensional porous lead dioxide 
in 5 M H2S04 have showed that the mechanism of the 
reduction of porous lead dioxide on solid pure lead 
to lead sUlphate is more complex than for the 
analogous reduction on a, condensed surface. The 
observed behaviour could be explained using the 
concept of penetration depth55 • This concept was 
extended by considering that the reaction was 
driven progressively deeper into the pore structure 
as the front of the electrode becomes more resistive 
(ie contained more PbS04) at the lower potentials. 
Reoxidation of the lead sulphate to lead dioxide as 
the result of a potential step gave a complex current-
time transient. The form of this transient depended 
on the balance of lead sulphate and lead dioxide in 
the porous electrode. In the most general form the 
transient contained three separate current maxima. 
It has been suggested 15 that for an electrode cycled 
to a constant response, the oxidation occurs in three 
separate regions of the electrode. 
It was thought that it would be desirable to check 
that the results obtained electrometrically are 
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consequences of the electrode morphology and hence 
this chapter records a study of the one - dimensional 
porous lead dioxide electrode in an attempt to provide 
photographic evidence complementary to earlier 
electrometric investigations. 
5.2 Experimenta\ 
For the purpose of these studies, a rotating disc 
electrode as described in 3.1.4 was used. The 
electrical circuit and electrolytic cells by which 
reductive sweeps at 0.1 mVs- 1 and potentiostatic 
steps to the lead dioxide region could be made are 
illustrated by figs 3.7 and 3.1 respectively. After 
the electrochemistry had been performed at the 
porous electrode, the electrodes were very quickly 
washed by rapid rotation in bi-distilled water to 
ensure the complete removal of electrolyte and then 
rapidly dried in a vacuum oven at 40 oc. The washing 
and drying procedure is extremely important and it 
is crucial that the electrodes do not remain in the 
sulphuric acid electrolyte at an uncontrolled 
potential otherwise chemical changes occur which 
vitiate further structural stUdy43. The dried 
electrodes were then removed from the Teflon shroud 
and prepared for examination in the scanning electron 
microscope as described in 3.3.3.2. S.E.M. observa-
tions were carried out along the axial fracture and 
at the front of the electrode (porous lead dioxide/ 
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electrolyte interphase) and at the back of the 
electrode (lead/porous lead dioxide interphase). 
5.3 Results and Discussion 
5.3.1 The Reduction of Pb02 to PbS04, in 5MH2S04 
Figure 5.1 shows the front of the porous layer of 
dried and set "leady" oxide (paste) immediately 
prior to conversion to lead dioxide. Chemically the 
material consists of lead oxide and basic sulphates 
of lead. The structure of the electrode is clearly 
complex.· The mixed crystal types observed are 
arranged in a quite random manner resulting in a 
structure with about 4,0 to 50% porosity. 
The morphology illustrated in fig 5.1 can be compared 
and contrasted with that of fig 5.2 which corresponds 
to lead dioxide which has been produced by electro-
oxidation of the paste. (The conversion to Pb02 is 
sensibly complete and the porosity of the electrode 
is 57%). The porous matrix consists of small 
particles of fairly even size ("'5 x 102 nm). It is 
interesting to note that the crystallite size is of 
the same order as that of ~Pb02 crystallites when 
electrodeposited from lead perchlorate onto a 
platinum surface, as found in the previous section, 
(although this latter surface does not contain gross 
porosity). Figure 5.3 shows the structure 0.075 cm 
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below the surface of the porous lead dioxide 
electrode. Here the crystallites are less well 
developed than those at the surface as might be 
t 
expected due to the spacial restrictions within the 
I 
matrix. The well developed porous structure is 
quite evident 'and the average crystallite size is 
similar to that at the front of the electrode. 
Figure 5.4 typifies the surface of a porous 
electrode after a reductive sweep from 1250 mY to 
700 mY in 5MH2S04. It can be seen that the surface 
is covered with well defined lead sulphate crystals 
of widely varying sizes and that only very small 
regions of the electrode remain uncovered by lead 
sulphate. This almost complete surface coverage 
would support the argument that the front of the 
electrode becomes very highly resistive and the 
current must come increasingly from the inner regions. 
The structure inside the porous matrix is rather 
more compact than that at the electrode front. 
Fig 5.5 shows the electron-micrograph images at 
various depths from the front. At 0.005 cm below 
the surface, compacting is evident. Presumably this 
is due to the difference in densities between the 
product lead sulphate and the reactant lead dioxide 
(PbS04 6.2; Pb02 9.4 g. cm- 2 ). On the surface,the 
unrestricted development of lead sulphate can occur 
outward into the solution phase whereas within the 
porous structure this freedom is denied and a more 
- 50 -
compacted structure is obtained, as observed. On 
examination of the material at greater distances (b 
from the electrode front, the same ten~cy for 
compacted structure is observed. However, at the 
greatest depth the extent of compacting is less than 
that just below the surface. This again provides 
good evidence for the argument that the reaction 
takes place initially at depths below the penetration 
distance and that the reaction is progressively 
driven further into the electrode. This point is 
confirmed by the photographs of fig 5.6 whi.ch show 
the structure of the front of the electrode when 
the reduction is limited to 1000 mY which is just 
less than the current maximum at 1070 mY. Here the 
surface structure was almost identical to that 
observed for the more extensive reduction. However, 
within the porous matrix itself fig 5.7 shows quite 
clearly that the material is much less compact than 
at similar depths for the more extensive reduction 
to 700 mY. It is concluded therefore that the 
front surface of the porous electrode is almost 
fully utilised quite early on in the reductive 
sweep. 
5.3.2 The Reoxidation of PbS04 to Pb02 in 5MH2S04 
The result of a potentiostatic experiment on the 
reduced lead dioxide electrode surface (fig 5.4) 
in which the potential has been stepped from 
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700 mV to 1)00 mV and maintained at the higher 
potential for 15 min is illustrated by fig 5.8. 
Comparison of this with fig 5.4 shows that the 
quantity of large block type lead sulphate crystals 
has been significantly decreased and the structure 
has become finer grained. Lead dioxide can be 
observed growing among the lead sulphate. The 
compact nature of the electrode material tends to 
obscure any structural change which may occur. It 
is clear from fig 5.8 that even after 15 min at 
1)00 mV,numbers of large lead sulphate crystals 
• 
remain unoxidised. This confirms the observation 
that the complete oxidation of such electrodes 
potentiostatically at low overpotentials is rela_ 
tively slow and the most convenient way of 
re_establishing the fully oxidised state is by a 
galvanostatic process. A possible reason for this 
follows from a study of fig 5.8 in which the small 
area of contact between the lead dioxide and the 
highly resistive lead sulphate would be expected to 
result in a low oxidation current. 
The interphase between the porous lead dioxide 
electrode and the pure lead support (this corres_ 
ponds to the grid/active material interphase in a 
lead acid positive plate) is shown in figure 5.9. 
Here lead dioxide can be observed growing in 
between gaps in the lead sulphate layer which 
appears to have cracked and peeled back. Careful 
examination of the higher magnification picture 
- 52 -
indicates that lead dioxide is growing on the lead 
sulphate layer which confirms that even though the 
lead sulphate is highly resistive, penetration by 
the current can occur at prefered sites. 
5.3.4 Porous Pb02 Electrodes Cycled to Constant 
Response (>10 cycles) 
Following the reduction of a fully oxidised electrode 
using a sweeping technique to 700 mV at 0.1 mVs-l, 
the examinations have indicated that the porous 
surfaces are identical to those observed with the 
"newly forined" electrodes which are typified by 
figs 5.4 and 5.6. 
The electron micrographs of fig 5.10 correspond to 
the reoxidation (step from 700 to 1300 mY) of a 
reduced (to 700 mV at 0.1 mVs-l) porous electrode 
for 15 min. Areas were chosen which corresponded 
to those previously examined (figs 5.4 and 5.6). 
The same broad pattern is observed, the porous 
material becoming progressively more compact as the 
front of the electrode is approached. 
The structure of the "corrosion layer" at the lead/ 
porous lead dioxide interphase is shown in fig 5.11. 
Here the lead dioxide can be seen to be very fine 
grained and there is no evidence of lead sulphate 
crystals as was obtained at this interphase during 
the early cycling history (fig 5.9). This is an 
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important observation since a region has been 
identified in the porous electrode which is fund a-
mentally modified with cycling. The early part of 
a reduction transient is known to depend markedly 
on the number of cycles during the early history, 
the charge obtained during the initial stages 
increasing with ·the number of cycles. It is 
concluded that this layer has become more reactive 
electrochemically by the more ready conversion of 
the material in the lead/porous lead dioxide region. 
It has been shown 15 that the current - time response 
for the potentiostatic reoxidation of a porous 
electrode could be understood if the electrode was 
considered to consist of three regions. These 
regions each contributed a peak to the response 
transient. In view of the results found here it is 
suggested that these regions are the three shown 
in figs 5.10 and 5.11. The first peak in the time 
sense corresponds to the oxidation of the lead/porous 
electrode interphase, the second to the less compact 
material beneath the surface and the third peak 
corresponds to the compacted material at the front 
and somewhat below the surface of the electrode. 
This third layer is to be pictured as the extent of 
the penetration depth for a reduction reaction before 
the increasing ohmic resistance drives the reaction 
further inwards. 
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5.4 Conclusions 
The lead dioxide crystallite size in this study 
was found to be of the same order as those produced 
(in chapter 4) when ~ Pb02 was electrodeposi ted from 
lead perchlorate onto a platinum surface. 
In spite of the high resistance of lead sulphate, 
lead dioxide can clearly be shown to grow, during 
oxidation, on the surface of the sulphate crystals. 
For a porous lead dioxide electrode cycled to a 
constant response, three well defined regions have 
been shown to exist within the electrode. The 
presence of these regions is confirmation of the 
results of earlier electrometric investigations. 
FIGURE 5.1 Front of pasted ("leady" oxides) and dried 
electrode prior to oxidation to Pb02 
Ca) 
Cb) 
FIGURE 5.2 As fig. 5. I following galvanostatic oxidation 
(25mA.cm- 2) to Pb02 in O.3M H2S0 4 
(a) 
(b) 
(a) 
(b) 
FIGURE 5.3 Structure of the inner reg ions of the porous Pb02 
FIGURE 5.4 Same as fig. 5.2 following a potential sweep to 
700mV at O.lmVS-1 in 5M H2S0 4 
(a) 
(b) 
FIGURE 5.5 
FRONT (ELECTROLYTE) 
i _r--------. 
ii_ 
j-ii ----
'------.j 
back (I ead) 
Structure of the inside of the porous electrode following 
a potential sweep to 700mV at 0.1 mV.S- 1 in 5M H2SOq , (a) is a schematic diagram of the fractured porous 
electrode, (b) and (c) corresponding to position (i). 
(a) 
(b) 
(cl 
(d) 
(e) 
FIGURE 5.5 cont. (d) and (e) corresponding to position (ii) 
(n 
(9) 
FIGURE 5.5 cont. (f) and (9) corresponding to position (i i il 
FIGURE 5.6 Same as fig. 5.4 but potential sweep limited to 
1000mV. 
(a) 
(b) 
FIGURE 5.7 As fig. 5.5 but potential sweep I imited to 1000mV, 
(a) and (b) corresponding to position (i) in 
fi.g 5.5(a) 
(a) 
(b) 
FiGURE 5.7 cont. (c) and (d) corresponding to position (i i) in 
fiqure 5.5(a). 
(cl 
(d) 
FIGURE 5.7 cont. (e) and (f) correspondi'ng to position (iii) 
in fig. 5.5(a). 
(e) 
(f) 
FIGURE 5.8 Electrode of the type in fig. 5.4 reoxidised 
potentiostatically at 1300mV for 15 mins. 
(a) 
(b) 
FIGURE 5.9 The self-corrosion layer between the solid lead 
and the porous Pb02 electrode corresponding to fig. 5.8 
(a) 
(b) 
FiGURE 5.10 As fig. 5.S. but cycled (potential sweep to 7001llV) 
step back to 1300mV finally to a constant electrode 
response. (a) and (b) corresponding to positions (i) 
and (ii) in fig. 5.5 (a) 
(a) 
(b) 
FIGURE 5.10 cont. (c) and (d) corresponding to position (i i il in 
fig. 5.5(aj. 
(c) 
(d) 
(a) 
(b) 
FIGURE 5.11 The self-corrosion layer between the solid 
lead and the porous PbO? electrode corresponding 
to fig. 5. 1 0 ~ 
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Morphological Study of the Effect of 
Antimony on the Electrochemistry of Lead 
6.1 Introduction 
Hampson, Kelly and Peters56 ,57 have studied the 
electrometric responses of pure lead and antimonial 
lead electrodes. They investigated the procerdure 
for obtaining constant electrode response followed 
by linear sweep voltametry and potentiostatic pulse 
measurements and found that several differences 
between pure lead and antimonial (~5w/o) lead alloys 
existed. The most interesting difference between 
the two electrode types was the appearance of a 
second rise and fall in the current transient during 
potentiostatic step experiments on the antimonial 
lead electrodes. Their explanation of this second 
peak, which was not observed with the pure lead 
electrodes, was the formation of a duplex layer of 
lead dioxide. Furthermore by calculating the charge 
contained in the first peak and by noting the time 
taken to reach an i max value, they5 6 ,57 concluded 
that the primary layer formed on the antimonial 
lead was analogous to the single layer formed on 
the pure lead electrodes, the latter being completely 
passivating. 
In this section a morphological study is undertaken 
to ascertain if structural evidence exists to 
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support the findings of the-e1ectrometric data and 
to discuss the previous mechanisms for the beneficia1 
ro1e of antimony in 1ead dioxide formation. 
6.2 Experimenta1 
For this work the experiments were performed on disc 
e1ectrodes as described in section 3.1.3. Diagrams 
of the e1ectrica1 ce11 used and the e1ectrica1 
circuit are given in figures 3.1 and 3.7 respective1y. 
The e1ectrodes were cyc1ed to constant response 
between the 1imits 400 mY and 1520 mY and.then he1d 
in the PbS04 region for a reductive period prior to 
potentiostatic pu1se measurements. The experiments 
were performed in 5M H2S04 at room temperature. 
After comp1etion of the experiments, the e1ectrodes 
were rapid1y washed with tri-disti11ed water and 
dried in a vacuum oven at 40o c. The samp1es were 
then prepared for examination in the scanning 
e1ectron microscope as described in section 3.3.3.1. 
6.3 Resu1ts and Discussion 
The surface morpho1ogy of a pure 1ead e1ectrode 
after a short oxidative period in the Pb02 region 
(1275 mY) is i11ustrated in figure 6.1. The 1ead 
d10xide matrix consists of crystal1ites which 
cong1omerate into sma11 spherica1 groups interspersed 
with we11 - defined prismatic crysta1s which are 
readi1y identifiab1e as residua1 1ead su1phate which 
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is still available for oxidation. These sulphate 
crystals can be seen to be several orders of 
magnitude larger than the groups of lead dioxide. 
Figures 6.2, 6.3 and 6.4 show that as the length 
of time the electrode is held in the Pb0 2 region is 
increased, the oxidation of the residual PbS04 to 
Pb02 is accomplished and complete surface coverage 
with Pb02 is attained. 
Similar experiments were performed on electrodes 
containing 5.15 w/o Sb, and the corresponding surface 
morphologies are shown in figures 6.5 to 6.8. 
Several differences between pure lead and the 
antimonial lead alloy are immediately apparent; the 
first of these is the absence of unoxidised lead 
sulphate crystals On the surface which is completely 
covered with the finer grained Pb02 structure 
(compare figs 6.1 and 6.5). This observation is 
significant since it suggests that the presence of 
antimony serves to somehow activate the surface of 
the electrode so enabling the product Pb02 to form 
more quickly than on an unactivated pure lead surface. 
It has been previously reported that one of the 
beneficial effects of antimony additions to lead is 
that it assists the efficiency of oxidation of the 
PbS04 deposit57 ; this conclusion was based on a 
series of potential step experiments from the PbS04 
region into the Pb0 2 region and is confirmed by the 
morphological evidence presented here. 
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A second interesting comparison between Pb0 2 forma-
tion on pure and antimonial lead is the gradual 
development of a secondary layer of Pb02 in the 
presence of antimony. This is in agreement with 
electrometric data presented by Hampson et a157 
where the eXis~ce of this duplex layer was 
predicted. Figures 6.5 to 6.7 show the primary 
layer of spongy Pb02 (diameter approx O.l~m) being 
covered with a further layer of much larger, well 
defined crystals (diameter approx O.5~m) which do 
not appear to bond to each other. It had previously 
been shown that both processes (ie the formation 
of the primary and secondary layers on antimonial 
lead) start from zero time since no time correction 
was necessary when analysing the second peak 
obtained in the potential step experiments. As the 
oxidation time is increased, this secondary layer of 
Pb02 is seen to form voids which multiply until 
eventually the layer is seen to break up, as shown 
by figures 6.8 and 6.9. Burbank58 has observed a 
similar phenomenon during deep cycling experiments 
on antimonial lead alloys. This is explained58 by 
the fracture of mechanical bonds between the larger 
and smaller crystals as a result of the extreme 
stress caused as the larger crystals grow in size. 
Further comparison of figures 6.1. and 6.5· shows 
that the structure of Pb0 2 on the pure lead electrode 
is similar to the primary layer formed on the 
antimonial lead. This is again in good agreement 
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with the electrometric results obtained by Hampson 
et al57 where the analysis of the charge in the 
transients and their shape came to the same 
conclusion. 
Attempts to explain the mechanism of the action of 
antimony on lead dioxide formation have been made 
by many workers. Anodic dissolution of antimony 
from the electrode has been recognised for many 
59 60 years ' and subsequent behaviour of the dissolved 
antimony has been studied by tracer techniques 61 ,62 
and by S.I.M.S. (secondary ion mass spectrometry) 
studies63f6~. It is also acknowledged that the 
presence of antimony in the electrolyte has an 
effect on the surface morphology of the oxidation 
65 66 6" product ' and Arifuku et al ~ have shown that 
the distribution profile of antimony in oxide films 
on lead - antimony alloy is virtually independ¥nt 
of the final polarisation potential. X-ray diffrac-
tion techniques have been used by Burbank58 to 
examine the structure of lead and antimonial lead 
alloys during cycling experiments; the author has 
reported the major presence of ~ Pb02 in the outer 
layer of the cycled oxidation film on lead antimony 
alloy while beneath this a mixture of 0( and ~Pb02 
formed a microcrystalline coating firmly attached 
to the metal surface. The absence of a firmly 
bound secondary layer of r'Pb0 2 on the pure lead 
surface was explained in terms of the ability of 
antimony to nuclea.te the F'Pb02 in the primary 
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corrosion layer which bonds with ~Pb02 produced 
on further cycling58 • 
Now a probable. explanation for the observations 
made in this study is that the,formation of ~ Pb02 
in the corrosion film can be explained in terms of 
a~id depletion within the pores of the film as the 
oxidation proceeds resulting in the formation of a 
medium which is effectively alkaline in nature 
(see figure 6.10). The presence of antimony in the 
oxidation layer effects the formation of nucleation 
centres for t' Pb0 2 which is present in far greater 
quantities than on a pure lead surface. The ~Pb02 
so formed bonds to ~b02 already present in the 
corrosion layer to form a secondary corrosion film. 
6.4 Conclusions 
rz-. 
The eXis~ce of the duplex layer predicted by 
electrometric data has been confirmed by the 
morphological evidence presented here. This duplex 
structure has only been found on lead antimony alloys. 
The primary layer of Pb02 on the lead - antimony 
alloys is shown to be analogous to the single layer 
on the pure lead electrodes. 
FIGURE 6. I Front of flat lead electrode following potential 
step to 1275mV for 105 
(il) 
FIGURE 6.2 Front of flat lead electrode following potential 
step to 1275mV for 20s. 
(a) 
(b) 
FIGURE 6.3 Front of flat lead electrode following potential 
step to 1275mV for 30s. 
(a) 
(b) 
FIGURE 6.4 Front of flat lead electrode following potential step 
to 1275mV for 505. 
(a) 
(b) 
FIGURE 6.5 Front of flat lead-antimony (5.15w/o) electrode 
following potenti'al step to 1275mV for .105 
(a) 
(b) 
FIGURE 6.6 Front of flat 1ead-antrmony (5.15w/ol e1ectr-ode 
fo 11 ow i ng potent i a 1 5 tep to 1275mV for 205. 
Cal 
(b) 
FIGURE 6.7 Front of flat lead-antimony (5.15w/o) electrode 
following potential step to 1275mV for 305 
(a) 
(b) 
FIGURE 6.8 Front of flat lead-antimony 
following potential step to 
(a) 
(b) 
w/ ) (5.15 0 electrode 
1275mV for 90s. 
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Discharge Profiles in the Two Dimensional 
Porous Lead Dioxide Electrode 
7.1 Introduction 
The way in which electrochemical reactions spread 
through the porous structures of the electrodes of 
lead - acid cells is of considerable interest to 
battery technologists since it determines the 
operating efficiency of the battery. The capacity 
of the cell is generally determined by the positive 
electrode and consequently this electrode and the 
electrolyte has received most study (the behaviour 
of the negative electrode, however is of major 
interest at low temperatures, particularly at high 
discharge rates, since under these conditions the 
negative electrode is rate controlling). Most of 
the published work in this area has been reviewed by 
Bode 18 and his review together with those of 
Newman and Tiedmann 16 and De Levie 17 on porous 
electrodes, contains accounts of the research work 
carried out to date. 
A well founded theory of porous electrodes exists 
which has been tested in a number of cases 17 • 
According to this theory the current flows into the 
electrode down the pore. and the electrochemical 
reactions occur at the surface of the pore structures. 
Relatively recently the macrohomogeneous model of 
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porous electrodes has been introducedJ9 ,41 and 
applied to the Pb02 positive electrode. The model 
describes the electrode as a superposition of two 
continuous phases (liquid and solid) and thus avoids 
difficulties over uncertainty about the structure 
provided that the particle size and pore dimensions 
are about one micronmetre. Under these circumstances 
the concentration profiles depend only on time. 
Simonsson4J has attempted to set up a model of 
porous electrode discharge using this approach and 
he has obtained an analytical solution for the 
equations describing the current distribution 
throughout the porous mass. His final equations 
for current density at all distances are expressed 
in the curves of figure 7.1. It can be seen that 
at high current density the discharge is predicted 
to take place preferentially at the outside of the 
electrode, the contribution from the inside of the 
porous structure being relatively small. At low 
current densities however, the discharge apparently 
occurs fairly uniformally over the whole electrode 
region. 
It was decided to test this picture of the discharge 
profile by investigating the morphology of unifor~ 
mal~y disch~rged porous electrodes. The most 
convenient method of obtaining this conformation 
is to use a circular pellet supported by a shroud 
disposed so that the disc shaped pellet has sides 
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f) 
orthog,ino1 to the face. We are therefore dea1ing 
with a disc generated by projecting a circu1ar 
surface from a centre on the 1ine XX' in figure 
The shaded region under the abscissa in 
Fig 7.1 represents the section through the 1ead 
shroud. The ga1vanostatic method of discharge was 
used and the su1phate content profi1e of the 
e1ectrodes was determined by scanning e1ectron 
microscopy. 
7.2 Experimenta1 
The experimenta1 work was performed on the two 
dimensiona1 porous e1ectrodes as described in 
section 3.1.5. The ce11 used and the e1ectrica1 
circuit are i11ustrated in figures 3.2 and 3.8 
respective1y. 
The experimenta1 reductions were performed at room 
A 1arge number of 
ga1vanostatic rates were emp1oyed, each reaction 
being terminated when the change in overvo1tage 
was - 0.3 vo1ts. This va1ue corresponds to the 
practica1 1eve1 of battery fai1ure (a drop of 0.3 
vo1ts from the initia1 vo1tage). After the e1ectro __ 
chemica1 reactions, the e1ectrodes were force 
washed with bi-distilled water and dried in a 
vacuum oven at 90 o C. 
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The pellets and supporting lead annuli were then 
prepared for examination in the scanning electron 
microscope as outlined in section 3.3.3.3. 
7.3 Results and Discussion 
The effect of current density on the specific 
capacity of the porous electrode at three different 
electrode thicknesses is illustrated in figure 7.2. 
Here it can be seen that the higher the rate of 
discharge, the lower is the specific capacity for 
all three thicknesses of porous electrode. 
Furthermore it is clear that at all current 
densities, the thicker the porous electrode, the 
lower is the specific capacity. 
These findings are broadly in agreement with the 
results of earlier investigations 18 , however, no 
agreed well _ established quantitative figures 
are available with which to compare these results. 
Intuitively it could be imagined that increasing 
the rate of discharge and the thickness of the plate 
would impair the efficiency, as has been observed; 
in practice it is found that the quantitative 
e., 
variation is dependant on a number of factors 
I 
including porosity and design of the pellet support 
etc. 
Figure 7.3 shows typical micrographs of Pb02 and 
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PbS04 structures encountered at the surface of 
comp~ete~y charged (Pb02) and comp~ete~y discharged 
(PbS04) e~ectrodes. It can be seen from these 
micrographs that the structures of the two compounds 
are quite characteristic, making the identification 
of the different phases re~atively simple. 
Micrographs, at low magnification, of areas of porous 
electrodes corresponding to electrodes discharged 
to the usual failure level ( a drop of 0.3 V from the 
initial voltage) at different current densities are 
shown by figure 7.4. It can be seen that those 
discharged at 80 and 200 mA. cm- 2 have a "striped" 
appearance whilst the electrode discharged at 
20 mA. cm- 2 does not. On the outsides of the 
"striped" electrodes near to the electrolyte a 
band of PbS04 is found which sandwiches undischarged 
Pb02 at the centre. The width of this inner (Pb02) 
band increases with the current density, ie the 
higher the current density the greater the amount 
of undischarged Pb02)' 
No curvature of the boundary between discharged and 
undischarged active material is apparent at any of 
the current densities studied. Figure 7.5 shows 
electron micrographs of the actual interphase between 
the two regions in comparison with the interiors of 
discharged and undischarged regions. The regions 
away from the interphase can be seen to conform well 
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with the extreme structures exhibited in figure 7.3. 
The interphase is surprisingly sharp and there is 
no evidence of a gradual change from the extreme 
conditions predicted by the curves of figure 7.1. 
The extent of the penetration of PbSOq into the 
electrodes as a function of current density is 
shown in figure 7.6; where the penetration can be 
seen to decrease monotonically with current density 
for all electrode diameters. For smaller diameters 
the penetration is increased, indicating an enhanced 
efficiency of discharge for the smaller pellets. 
In confirmation of the other micrographical evidence 
it is observed that the junctions between the 
reacted and unreacted areas of the electrodes occur 
in a pair of parallel lines with, little evidence of 
curvature. The almost complete lack of curvature at 
the support/Pb02 interface is demonstrated by the 
micrographs of Figure 7.7. 
The results obtained in this study are surprising 
in that no optical evidence of curvature of the 
boundary between the discharged and undischarged 
material was observed. Additionally, the interphase 
itself is surprisingly sharp. The first observation 
is interesting in the light of the resuJ.ts in 
figure 7.6 where pellet size is clearly important, 
with a smaller diameter discharging more efficiently 
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than a large one. This impli·es that the boundary 
of the discharging profile is curved with a 
convexity towards the outside of the pellet. The 
Simonsson modelQ3 predicts that no preferential 
discharge should occur adjacent to the lead support 
and also that the change from Pb0 2 to PbSOq should 
be gradual. In fact the change appears to be quite 
sharp at all current densities (except in the case 
of the electrode discharged at 20 mA. cm- 2 where 
no interphase exists due to PbSOq existing through_ 
out the electrode cross-section). 
The evidence presented here reveals that the discharge 
begins at the front of the electrode (ie porous 
electrode/electrolyte interphase) and proceeds 
inwards normal to the surface with an apparently 
layer by layer conversion of the porous mass. If the 
porous electrode is sufficiently thin the reaction 
proceeds right through to the centre (two sides 
discharged simultaneously); if not then a region of 
what is effectively unreacted Pb02 remains deep in 
the electrode. The effects of current density are 
complimentary to those of electrode thickness. 
7.q Conclusions 
The results of this study lead to the conclusion 
that the macrohomogeneous model of the porous 
electrode is not completely satisfactory. The weak 
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point in the macrohomogeneous argument appears to be 
the assumption that a constant current density exists 
over the who1e discharging face whereas the evidence 
presented here does not support this view. 
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FIGURE 7.3 Typical structures at the surface of completely 
charged (PbOa) and completely discharged (PbS041 
electrodes: la), (b) PbO Z; (c), (d} PbS04 
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FIGURE 7.4 Cross sections through pellets from electrodes 
discharged to theusual failure level (a drop of 
O.3V from initial voltage) at current densities -2 
of (a) 20mA.cm- 2, (b) 80mA.cm- 2 and (c) 200mA.cm 
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FIGURE 7.5 Cross section through a pellet from an electrode 
discharged at 200mA.cm- 2 showing the structures of 
(a) the interior of the discharged region, (c) the 
interior of the undischarged region, and (b) the 
interphase between the two. 
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FIGURE 7.7 The pellet-shroud interface (at the shroud) from an 
electrode discharged at 200mA.cm- 2 . The micrographs 
show (a) the "stripes" and (b) the discharged-
undischarged interphase, as previously found on 
pellets of active material (figs. 7.4 and 7.5(b) 
respectively) . 
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Final Discussion and Conclusions 
The technique of scanning electron microscopy used 
in this work has shown that during the redox proces-
ses involved in the interconversion of lead dioxide 
and lead sulphate, the morphology of the surfaces 
examined is strongly affected by their history and 
particularly by their charge/discharge cycles. Lead 
sulphate formed by the self corrosion process is 
much more porous than that formed by the electro-
chemical reduction of lead dioxide. 
Wi th porous electrodes" the lead dioxide crystalli te 
size is of the same order as those produced by elec-
trodeposition of beta lead dioxide from lead perch-
lorate onto a platinum surface. In spite of the 
high resistance of lead sulphate, lead dioxide can 
clearly be seen to grow on the surface of the 
sulphate crystals. For porous lead dioxide elec-
trodes cycled to a constant response, three well 
defined regions are seen to exist within the 
electrode, confirming the results of earlier 
electrometric investigations. 
In the oxidation studies of lead sulphate on lead 
and lead - antimony alloys, a duplex layer of lead 
dioxide is shown to exist on the lead - antimony 
(-
alloys only. The prima~ layer of lead dioxide , 
found on these alloys is analogous to the single 
layer on pure lead electrodes. 
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The observations of morphological changes occurring 
during the discharging of two dimensional porous 
lead dioxide electrodes have shown that the discharge 
begins at the electrode/electrolyte interphase and 
proceeds inwards normal ·to the surface with_ an 
apparent layer by layer conversion of the porous 
mass. There is no evidence of curvature. of the 
boundary between the discharged and undischarged 
material and the interphase itself was extremely 
sharp. These results lead to the conclusion that 
the macrohomogeneous model for porous lead dioxide 
electrodes is not completely satisfactory. The 
weak point in this model appears to be the assumption 
that a constant current density exists over the 
whole of the discharging face whereas the evidence 
presented in this work does not support this view. 
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